Abstract. We present results concerning the study of reactions between light nuclei and quasi-symmetric reactions between medium-heavy nuclei at low energies, and relativistic quantum molecular-dynamics calculations of heavy-nucleus reactions at intermediate energies.
INTRODUCTION
An exhaustive description of the interaction between two many-body systems, such as the atomic nuclei, based upon firm theoretical grounds, is a very difficult task and most presumably is not yet within our reach. Nevertheless, the perspective of providing a reasonably accurate account of heavy-ion reactions, in a broad incident energy range, represents a very significant goal, both from a theoretical and an applicative point of view. The inclusion of phenomenological nuclear reaction models into Monte Carlo transport codes can greatly help in the study of the interaction of radiation with matter and provide useful information in dosimetry, hadrontherapy, spaceradiation protection, waste management, and many other applicative fields.
One task of our collaboration is the improvement of the description of nucleus-nucleus interactions from the Coulomb barrier up to few GeV/n in the FLUKAcode (see [1] and references therein). For energies above 100 MeV/n a Relativistic Quantum Molecular Dynamics (RQMD) model has been already coupled with FLUKA, and further developments of the QMD approach are under way. For lower energies, work is in progress for incorporating in FLUKA, which is a semiclassical approach based on the Boltzmann Master Equation (BME) theory [2, 3] .
The BME theory describes the complex sequence of nucleon-nucleon interactions and particle emissions that follow the complete or incomplete fusion of projectile and target. This sequence of events eventually leads to a distribution of thermally equilibrated nuclei that may further emit particles and gamma rays in the evaporation phase producing cold residues. We have extended the model, which already provided a satisfactory reproduction of a large set of data in asymmetric reactions induced by light ions (A≤ 20) on considerably heavier targets [4, 5] , to the analysis of collisions between light nuclei, which are of particular significance for hadrontherapy. Some results are shown in the first part of the next section.
In light-ion interactions in most cases incomplete fusion follows the binary fragmentation of one or both reaction partners, and to be properly accounted for requires a realistic description of the break-up process. This may be not the case in the interaction of two heavier nuclei where non-central collisions may lead to a partial overlapping of nuclear densities without any previous fragmentation. We tentatively deal with such processes through a generalization, briefly discussed in the second part of the next section, of a model proposed long ago [6] which assumes, in agreement with the hypotheses underlying BMEs, that the reaction cross-section of two ions may be evaluated by considering the nucleon-nucleon interactions in their overlapping region when they come into contact.
The RQMD model used at higher incident energies reproduced satisfactorily various sets of experimental data [7] . This RQMD event generator can run either in the so-called fast cascade mode, where it behaves like an Intra Nuclear Cascade code, or in the full QMD mode, where the potential felt by each nucleon is given at each time by the sum of the potentials of all the other nucleons. The last mode, especially for the heaviest nuclei, is considerably time-consuming and may prevent achieving good statistics. We compare in the last section the predictions obtained in both modes, in order to verify their consistency. 
LOW-ENERGY REACTIONS

Reactions of Light Nuclei
Our previous studies of asymmetric interactions of light projectiles with much heavier targets suggested that the complete fusion of the two ions and projectile fragmentation followed by the fusion of a fragment with the target may account, together with the projectile inelastic scattering, for the great majority of the observed reactions. In the interaction of two light nuclei, one must take into account target fragmentation as well. In our present schematization, the binary break-up of the projectile (target) generates a spectator fragment flying away almost undisturbed and a participant fragment fusing with the target (projectile). The double differential spectra of spectator fragments are calculated with the local plane-wave approximation [8, 9] considering the energy loss that the projectile or the target may suffer before breaking up [4, 5] . The de-excitation of the system created both by complete and incomplete fusion goes first through thermalization (simulated by BMEs) and then evaporation of the hot equilibrated nuclei that are produced.
We show here some results of the analysis [10] of the double-differential α-particle spectra from the reaction 12 C+ 12 C measured at the Legnaro National Laboratories in Italy with the GARFIELD multidetector array [11] in the polar-angle interval from 35 • to 75 • at bombarding energies from 6 to 20 MeV/n. The reaction mechanisms that we have considered are complete fusion, dominant at low bombarding energies, and break-up of 12 C (both as projectile and target) into an α particle and a 8 Be ion. With these assumptions, the α particles can be produced i) as spectator fragments in the projectile or target break-ups, ii) by nucleon coalescence during the thermalization of the composite system formed in complete or incomplete fusion reactions, and iii) by evaporation of equilibrated nuclei. Figure 1 shows that the assumed mechanisms reproduce quite reasonably these spectra and explain satisfactorily a prominent feature of them, i.e., the large energy that the α particles may attain (at 6 MeV/n those emitted at 35 • may reach 80% of the beam energy). At the lowest bombarding energy the highest-energy α's are those emitted during the preequilibrium de-excitation of the composite nucleus created by the two-ion complete fusion, while with increasing bombarding energy the hardest α's are produced with increasing probability by the projectile break-up.
Other results obtained within this approach, concerning the spectra of intermediate mass fragments (IMFs) emitted in the interaction between 12 C and 27 Al, are presented elsewhere [12] . The validity of the model must be confirmed by further studies; nevertheless the results discussed here and in [12] look encouraging.
Reactions of Medium-Heavy Nuclei
To extend our calculations to describe non-central reactions between much heavier nuclei where binary fragmentation of the colliding ions is not expected to play any relevant role, we couple the model proposed by Karol [6] with the BME theory. This model developed for estimating the two-ion reaction cross-section σ R represents a generalization of the semiclassical optical model [13] , which expresses σ R by means of a transparency function T (b) that gives the probability that at an im- pact parameter b the projectile goes through the target without interacting. T (b) is evaluated considering the nucleon-nucleon collisions in the overlapping region of the projectile and the target, the density distributions of which are assumed to be represented by Gaussian functions with parameters chosen to fit more realistic Fermi distributions in the nuclear surface region. The original calculations, satisfactory at high incident energies, fail at low energies where they greatly overestimate the experimental values of σ R . To improve their reliability, we have introduced a Pauli principle correction [14] and a Coulomb factor-reducing σ R at energies around the Coulomb barrier. In addition we propose a new parameterization that relates all the quantities entering the calculation to an effective reduced radius of the density distributions, which weakly depends on the interacting ion masses and the incident energy [15] . The model, thus modified, reproduces very satisfactorily the available data for several ion combinations at energies varying from the Coulomb barrier up to a few hundred MeV/n.
The same model allows us to straightforwardly estimate the partial reaction cross section for adjacent impact-parameter intervals and to evaluate, using realistic Fermi density distributions, the number of projectile and target nucleons in the corresponding overlapping regions. An example of the results that we obtain is given in Fig. 2 for the interaction of 56 Fe with 40 Ca at an incident energy of 25 MeV/n. One may calculate the spectra of the particles and IMFs emitted during the preequilibrium stage of the reaction assuming that only the nucleons of the overlapping region are involved in the interaction cascade, which we simulate with the BME theory. Preliminary results of the analysis of the charge distribution of IMFs observed in the interaction of 58, 62 Ni with 40, 48 Ca at 25 MeV/n by the NUCLEX collaboration are very encouraging.
INTERMEDIATE ENERGY NUCLEUS-NUCLEUS REACTIONS
In order to treat the nucleus-nucleus reactions at energies between 100 MeV/n and 5 GeV/n, FLUKAhas been interfaced with a modified version of the RQMD-2.4 code [16, 17] , which is used to describe the fast stage of the reaction. With respect to its original version, in the final state of each event, projectile-and targetlike nuclei are formed out of the spectator nucleons, and their excitation energy is calculated from the energies of the holes left by the hit nucleons. The further de-excitation of such hot residues is evaluated by the FLUKAevaporation/fission/fragmentation module.
Predictions of double-differential neutron yields and fragment-charge cross sections have been successfully compared with available experimental data [7] . An even more demanding test has been represented by the analysis of 24 isotopic distributions of fragmentation products measured at GSI for the reaction 238 U+ 208 Pb at 750 MeV/n [18] (see Fig. 3 ). We had already obtained a globally satisfactory agreement with the experimental results running the RQMD event generator in the fast cascade mode, i.e., ruling the nucleon propagation by a mean field. The number of events recently simulated in the full QMD mode, which in this case (involving 246 nucleons) is very time-consuming, is by one order of magnitude lower, and this is the reason why the tails of the isotopic distributions come out to be cut. Nevertheless, the mass, charge, and excitation-energy distributions of the hot projectile-like nuclei are quite similar for both modes, and the reduced yield predicted by the full QMD mode calculation is due to a slightly increased broadening of the beam after the target, which critically affects the comparison because the fragment separator has an acceptance angle of just ±15 mrad around 0 • . However, the quality of the two different reproductions seems to be comparable, and the analysis of further data seems to be necessary in order to decide whether the full calculation is really worthwhile.
CONCLUSIONS
The prominent features of experimental findings in heavy-ion reactions in a very broad range of ion combinations and incident energies are rather satisfactorily accounted for with phenomenological models providing useful insight in many interdisciplinary and applicative fields. Further improvements of these models are actively pursued, in order to increase the accuracy of the theoretical predictions.
